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1 Abstract 

The magnetic field dependence of the average spin of a localized electron 
coupled to conduction electrons with an antiferromagnetic exchange interac- 
tion is found for the ground state. In the magnetic field range fiH ~ 0.5T C 
(T c is the Kondo temperature) there is an inflection point, and in the strong 
magnetic field range fiH 3> T c , the correction to the average spin is propor- 
tional to (T c //i#) 2 . In zero magnetic field, the interaction with conduction 
electrons also leads to the splitting of doubly degenerate spin impurity states. 



2 Introduction 

In the low-temperature and weak magnetic field region, even a weak interac- 
tion of magnetic impurities with a degenerate electron gas becomes strong 1-3 . 
In this region, perturbation theory is violated. Two scenarios are possible 
in such a situation. First, an assumption can be made that in the low- 
temperature region, an increase in the magnetic field takes the system out of 
a strongly coupled state and into the region of applicability of perturbation 
theory. This nonobvious conjecture was used in Bethe's ansatz method in 
the problem under consideration. As the result, in a strong magnetic field 
H e H ^> T c (T c is the Kondo temperature), the correction to the mean spin 
impurity value has logarithmic behavior 3 , (S z ) = ~fl — 2 i n ( / /g/:r ) )• Such 
spin dependence of the magnetic field value is too slow, and is inconsistent 
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with the experimental data 4 , which yields power-like behavior. The level of 
spin satiation in the magnetic field in Ref.4 (Fig. 8) can be reached according 
to the expression given above only at the magnetic field value H 50 T, 
instead of the experimental value of 6 T. 

The second scenario is connected with the assumption that an increase 
only in the magnetic field value does not move the system from a strongly cou- 
pled state to a weak the perturbed state. The second conjecture is supported 
by the fact that the correction to the wave function of a system consisting 
of magnetic impurity plus degenerate Fermi gas, in some state with low en- 
ergy, contains corrections of two types obtained with the help of perturbation 
theory. The norm of one of them decreases in an increasing magnetic field, 
whereas the norm of the other is divergent in the limit T — > for a finite 
magnetic field. Consideration of the norm of states in the problem involved 
is very useful, because it contains direct information about the average value 
of magnetic spin. 

Below we consider in detail the second conjecture and confirm it. In the 
low-temperature region (T <C T c ), the average spin of magnetic impurities is 
found for an arbitrary value of the external magnetic field. States for both 
signs of interaction constant are investigated. The strong coupled state arises 
in both cases, but the magnetic field dependence of the average value of spin 
is substantially different. The definition of Kondo temperature T c is also 
slightly different for different signs of the interaction constant. 



3 The model 

We will suppose that the interaction of magnetic impurity with the Fermi sea 
of electrons has an exchange nature. Then the Hamiltonian H of the system 
under consideration can be taken in the form 

H = H + J d 3 ri d 3 r 2 V( ri - r 2 )x+(ri)^(r 2 )x^(r 2 )^ Q (r 1 ) (1) 



</^(n)</? T (ri) - </^(ri)</^(ri))d 3 ri. 



In Eq. (1), operators ip~p, Xa are creation operators of an electron in a 
localized state on a magnetic impurity and in the continuum spectrum re- 
spectively. For simplicity, we consider the case with one unpaired electron in 
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the localized state (spin 1/2). The first term in Eq. (1) describes the degen- 
erate electron gas in some external field that leads to creation of one localized 
state. The spin interaction of electrons in the continuum spectrum with mag- 
netic field leads only to small renormalization of the magnetic moment of a 
localized electron, and a small shift in the kinetic energy of electrons with 
spin up and down in such a way that they have the same value of chemical 
potential (no gap for transfer of electron with spin flip over the Fermi level). 
For this reason we omit this term in Hamiltonian (1). The last term gives 
the interaction energy of a localized electron with the magnetic field. 

Consider now the limiting; T — > and H finite. We search for the 

lowest-energy eigenfunction of Hamiltonian (1) in Fock space in the form 

ar , 2K 2L-1 ^ or . 2K-1 2L-1 

|V> = |10;11;11;..>+E^ I 01 ; 10 ! 10 > + J2 C 2K-\\^; 01 ; 10;) (2) 

^ ar 2K 2L ^ or or t - 2K 1 2K 2L i 2L-1 

+ E c, 2 2 x|iO;10;01>+ £ C 2^2L-i N \ 01 . 10;10;01 . 10) 

K!<K 

_ or or 1 - 2Kx-\ 2K 2Li 2L-1 _ or , nT , * 2K X 2K-1 2Li-l 2L-1 

+ £^£-5*^1 10; 01 ;10;01; 10 )+ E ^ 2 fe/-i ^|01; 10 ; 01 ; 10 ; 10 ) 

L X <L 

_ 9 r i or i - 2K x -\ 2K-1 2Li-l 2L-1 

+ E ^Sli'S-i^llO; 01 ; 01 ; 10 ; 10) 

K X <K;L X <L 

or or - 2Ki 2K 2Li 2L 

+ E C 2 fe2^|10; 10;10;01;01) + ... 

K X <KM<L 

In Eq. (2), all single-particle states (solutions of Eq. (1) for one particle) 
are ordered and numbered. Indexes K, L label states under and over the 
Fermi surface. Each box has two places. The first one means a state with 

2K 2L 

spin up, and the second with spin down. As an example, the state | 10; 01) 
means that the state 2K (spin down) under the Fermi surface is empty and 
the state 2L (spin down) over the Fermi surface is filled. The first cell is 
always reserved for an electron in a localized state. The first term in Eq. (2) 
gives the ground state of Hamiltonian (1) without interaction (V(r) = 0). 
The number of upper (or lower) indexes in C'Z gives the number of excited 
pairs. For P excited pairs, there are 2P + 1 different symbols C.'.'.'. Operator 
N is the ordering operator, and each rearrangement of two neighboring filled 
states gives a factor (-). In Eq. (2) in each box below Fermi surface, only 
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one place can be empty and above the Fermi surface in each box, only one 
place can be filled. 

The equation for the wave function \ip) is 

\m = E\i;), (3) 

where E is the energy of the state. 

Inserting expression (2) for the wave function \ip) into Eq. (3), we obtain 
a set of linear equations for the quantities C.'.'.\ Due to the structure of 
Hamultonian (1), each quantity C'" order of P is coupled only with quantities 
CZ. order of P, P ± 1. From the first equation of this system, we obtain the 
energy of the state, 

E = E - fj.H/2 - 5E, (4) 

r P _ V^/r2L-l*,^(2L-l r2L-l* ,^f2L-l\ 
01Ll — 2-^\ L 2K~\ L/ 2K-1 ~ L 2K L/ 2K ji 

where E Q is the energy of the ground state without interaction. For conve- 
nience, we leave the magnetic energy of the localized state out of the correc- 
tion term 5E. The quantities I. in Eq. (4) are the transition matrix elements. 
As an example, we have 

lit 1 = J d'nd^x^n^lir^r^x^Vin - r 2 ). (5) 

The Hamiltonian (1) possesses deep symmetry properties. To see some of 
these, we will keep indexes on / that indicate energy and spin in the initial 
and final states. The next three equations for the quantities C\ are 

j2L-\ , ^21-1 t2K x V"^ r 2L-\ t2K x -\ V"^ ^2Lj j2L-\ (a\ 

i 2K ' Zv 2K\ i 2K Z^ L/ 2K 1 -1 I 2K Z^ L/ 2K 1 2L 1 X°) 

+^H + e L -e K -5E)Cl L K ' + £ Cgl'Sr 1 /^ 

K L <K 

E r 2Ly,2L-\ T 2K! _ ST^ ^2Li ;2L-1 j2Ki-l _ n 
Ly 2K;2K 1 J 2Li Z^ L/ 2K 1 -1;2K 1 2L 1 — U > 

K<K! 

j2L-\ t2K x n 2L-\ , V - ^ ^21-1 j2K x -\ ST^ j2L-\ r <2L 1 -l 

1 2K-l Z^ I 2K~1 L/ 2K 1 ' 2-^i 2K\ — \ 2K—\ / , i 2f,i -1 U 2K~1 

L X <L 

E n 2L-\;2L x -\ j2K x . r y2Li-l;2L-l j2K v -\_ r y2Li-l;2L-l j2K x -\ 

L/ 2K 1 ;2K-1 1 2L 1 -l* Z^ Ly 2K-l;2K 1 -l 1 2L 1 ~l Z^ L/ 2K 1 -l;2K-l 1 2L 1 -l 

L<Li K<K\\L\<L K X <K-M<L 



4 



E r y2L-l;2Li-l 7-2^1-1 . /-<2L-l;2Li-l j2K 1 -l _ n 

U 2K-l;2K 1 -l 1 2L 1 -l ' Z^ ^2K 1 -l;2K-l I 2Li-l _ U ) 

L<Li;X< J R'i K 1 <K;L<L 1 

1 2L 1 -1 L '2K + [ £ L — e K — 0ti)ls 2K + 2^ L '2K;2K 1 I 2L 1 -1 

K<K 1 



E r 2L;2L x -\ j2K x | ^«2L;2Li-l r2Ki-l _ n 
< - / 2_ftTi;2X i 2Li-l "T L/ 2_ftT 1 -l;2X-'2Li-l _ U - 



In Eq. (6), the quantities El,k are the energies of single states. As mentioned 
above, index L means a state above the Fermi level and index K means a 
state below the Fermi level. The equations for C.'.' are given in Appendix A. 
Since the equations for C.'.'.' have a special structure, quantity C.'.'.' order of P 
is coupled only with quantities C.'.".' order of P, P ± 1, it is possible to leave 
quantities C'Z order of P > 2 out of Eqs. (6). As the result, we obtain three 
equations for the quantities Cfjp 1 , Cfx-i and Cf#. They have the following 
form (from Appendix A): 

j2L—\ I f~i2L—\ j2K\ ^21,-1 j2K l -l ST^ r <2L 1 T 2L-1 / 7 \ 

J 2X T °2Ki J 2_ftT Ly 2K 1 -l 1 2K Z^ Ly 2K 1 2L 1 {' ) 

+ (fiH + e L - e K - 5E - S^^Cflr -1 = ^i [C^' 1 ; Cl£f\\ C^) , 

t2L-\ _ST^ (~<2L-\t2K x :\^^i2L-1 t2K x -\ _ V"^ ^2Li-l r2L-l 
J 2Jf-l Z^°2Xi J 2X-1 "r U 2K 1 -1 1 2K-1 / , U 2K-1 1 2L, -1 

- ^2l x -\C\k: 1 + ( e L - e K - SE - S(^ iL ))C2x = A 3 (c%k 1 ; C^\\ Cf£) . 

The linear operators ^1,2,3 do not contain terms proportional to the quanti- 
ties Cf^ -1 , C^Zi, Cfic without integral over one of variable if, L with some 
function of fC, L. These terms form the S/^ l ^,E(x,l) terms in Eq. (7). All 
off-diagonal elements of such a form are equal to zero. The linear operators 
4l,2,3 also do not contain terms proportional to the convolution of quantities 
C with I. over one of variable K, L without of denominator with the same 
variable. In Appendix B, we give the expressions for quantities L y ^(k,l) 
in the fourth order of perturbation theory and quantities Cf^ -1 , C|^-~\, 
in the third order. It is easy to check that in the fourth order of perturbation 
theory, 

-6E-V {KtL) =0. (8) 

for e K =e L =e F 



5 



This equality holds in all the orders of perturbation theory. Below, we put 



-5E- Z {K , L) = A. (9) 

£ K =£ L =£ F 

In Eq. (9), A = A(H) is some function of the magnetic field that must 
be determined from self-consistency This equation is given below. Very 
important properties follow from the normalisation of states defined by Eqs. 
(2) and (7). To simplify the investigation of Eqs. (7), we give also the 
expression for operators ^1,2,3 i n the lowest order of perturbation theory in 
Appendix B. All statements made above are independent of the exact form 
of spectrum s Kl ,e L and potential V(r). 



4 Wave function of the ground state 



The average electron spin (S z ) in a bound state at zero temperature can be 
found by differentiating the energy 8E with respect to jj,H 



(S z ) 



1 
2 



d5E 
dfiH' 



(10) 



In accordance with quantum mechanical rules, the quantity (S z ) in the 
ground state is also given by an expression containing only norms of the 
states in expansion (2): 



(S,) 



Ly 2K-l 



n 2L 
K - J 2K 



^2K 



+ 



n 2Ly,2L-l 
U 2K 1 -1;2K 



+ 



H 



2Li-l;2L-l 
2K 1 ~1;2K-1 



+ 



2Kv,2K 



C 



2Li;2L-l 
2Ky,2K 



2Li-l;2L-l 
2Ky,2K-l 



+ 



X 



{1 + 



r 



2L-1 
2K-1 



+ 



a 



2L 
2K 



+ 



r 



2L-1 
2K 



+ 



n 2Ly2L-l 
U 2K!-1;2K 



+ 



a 



2Li-l;2L-l 
2K!~1;2K-1 



+ 



x~f2Li ;2L 
L/ 2K 1 ;2K 



+ 



^-y2Li;2L-1 
L '2Kr,2K 



+ 



^-,2Li-l;2L-l 
L/ 2K 1 ;2K-1 



+ ...}"'. 



Below we use both Eqs. (10) and (11). To solve Eqs. (7) and (9), we 
consider A as a parameter. Then the right-hand side of Eq. (7) can be taken 
into account in perturbation theory. In the leading approximation we obtain 



t2L-\ 1 ^21,-1 t2K\ 

1 2K "r 2-^ l ( ~'2K 1 1 2K 



E(~i2L-\ t2K x -\ 
Ly 2K 1 -l 1 2K 



E(~i2L\ 7-2L-1 
Ly 2K 1 2L 1 



(12) 
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+(fiH + e L -e K + A)^- 1 = , 

r2L-l /~i2L~\ j2K\ i ^2L-1 j2K x -\ _ V"^ r ,2L 1 -l j2L-\ 

1 2K-1 Z^ Ly 2K 1 2K — 1 2K\ — \ 2K — 1 °2if-l 1 2L 1 -1 

+ (s L -e K + A)C%z\=0 , 
- E + - e K + A)Cf£ = . 

Below we make the usual assumptions about the energy-independent 
value of the density of states near the Fermi surface, and that the char- 
acteristic energy in transition matrix elements J" is also the Fermi energy ep. 
As a result, we can put 



E^O-sf^O, T,I 2L ^9 [ A£F dy(), (13) 
Jo t Jo 



dx{), 2^ 
E L -e F = y; e F - e K = x 



In Eq. (13), g is the dimensionless coupling constant. The potential V(r) 
in Hamiltonian (1) is in natural units, hence the smallness of the coupling 
constant g is connected only to the small radius of bound state. 

Due to the energy independence of the transition matrix elements Eqs. 
(12) can be substantially simplified. To do this, we define new quantities 
that are convolutions of functions C\ with overlap integral J" over only one 
variable, K or L, that is 

7 _ST^ T 2K ir ,2L-l 7 _ \^ T 2L r 2L!-l (-,a\ 

L L - 2^ 1 2K U 2K! > L K - 2-^ 1 2L 1 -1 Lj 2K > l i4 J 

\,- V" r2/fi-l/-»2L-l y j1L-\ r <2L 1 -l 

I L — 2^ I 2K L/ 2K 1 -l i r # — 2^ J 2Li-l°2_ft:-l ) 

Xi Li 

V \ " r2L /-y2Li v \ ~> r 2L-l/-»2Li 

A £ - 2-^ 1 2L 1 -1 Lj 2K > A K — 2^ 1 2L 1 U 2K ■ 



L 



Inserting Eqs. (14) into Eqs. (12), we obtain 

= ^T7+a { j " Zi + n + ^ ' (15) 
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1 



y + x + A 

where / is the value of the transition matrix element I. for states near the 
Fermi surface. Now from Eqs. (14) and (15) we can obtain a complete set of 
equations for the quantities Zk,l\ Y KL \ X K L only. In addition, the quantities 
Xk,l are ver Y simply related to Zk,l\ Yk,l- Eliminating them, we obtain a 
set equations for just the quantities Zk,l] Yr,l- 

Z L (l+g In - * F ) - Y L g In R "\ . = (16) 
v fin + y + A 7 jiH + y + A 

e F 2 J dxZ K In ^ 



fiH + y + A J 



fiH + y + A J fiH + y + x + A' 
Z^l-ff In— -In- 



x + A /iiJ + rr + A 7 



/iH + x + A J fiH + y + x + A' 



o 



6 F 



Y L (l + gin -^-) - Z L gln = -/gin + g / ^ , 

V y y + A^ ^ y y + A y y + A y iy + x + A' 

^ (1 - * In ^) = -I g In + g J' MZl-YJ 

\ x + AJ y x + A y 7 g + rr + A 

o * 

Equations (16) are valid for both signs of the interaction constant g. But 
its solutions are substantially different for g < and g > 0. Consider first 
the case g < (attractive interaction in the Kondo problem). In such a case, 
the quantities Z L , Y L are large in comparison with Z K and Y K . To obtain 
this, we introduce a formal definition of "Kondo" temperature T c , 

\9\ ^ ^ = 1/2. (17) 

Now we also put 

T L (g) = Z L -F L . (18) 
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Eliminating terms Zk, Yk from (16), we obtain one equation the quantity 



T L (y) = - 



l 



+ g\n^ R + g\n 



fiH+y+A 



Ig(\n 



e F 



+ ln 



e F 



y + A fiH + y + A 



) (19) 



+ 



ig 



J dx( 



+ 



HH +y+x+ A y+x+A 



As i 



x+A fiH+x+A 



l-^ 2 ln^ln 



As i 



x+A fiH+x+A 



gin 



As F 
x+A 



dx 



+ 



1—) 

T. 4- A/ 



1 — yln ^g.J 2i ^fiH + y + x + A y + x + A' 



X 



Asf 

I 



dy x T L {y x 



+ 



x+A jiH+x+A 

As F 



\xE + y 1 + x + A 1 - g In 



As i 



dy{r L {y^) 
yi + x + A 



o * " 1 ^ x+A o 

It can be shown that the last term in Eq. (19) can be omitted, because 
it is small in the parameter (g\ ln(l/|g|). We then obtain from Eqs. (17) and 
(19) 



Tl(v) 



\9 



ln( 



We finally obtain 

T L (y) = 



(y+A)(fiH+y+A) 



-1(3 



\g\ m ( 



(y+A)(^H+y+A) 



(3 = -ln3 + ln(3/2). (21) 



Inserting Eqs. (18) and (21) into Eq. (15), we obtain expressions for coeffi- 
cients C^k 1 1 C%k-v 



^2L-l 
Ly 2K 



T L {y) 



fiH + y + x + A ' 



sy2L-l 
U 2K-1 



T L {y) 

y + x + A' 



(22) 
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Now we can determine the value of A. Equations (10) and (11) should give 
the same value for average spin (S z ). This condition, with the help of Eqs. 
(4) and (22), gives 

P j ^H + y + A)lJ( ^^^ )/ ( 1 + ln(4^))) = ^ 
<9A 1 7 d y 



diiH ln^gt^ J (/.iJ + y + A)ln 2 ( fa+A)( g + ^ A) )' 
We seek a solution of Eq. (23) in the form 

A(/iH + A) = T c 2 (l + 7), 0< 7 «1. (24) 

Terms proportional to 7 _1 cancel on the right-hand side of Eq. (23). This 
condition yields 

dA T 2 

dJlH + (fiH + A)(fiH + 2A) = °" (25) 
The solution of this equation is 

A(^H + A) - Tl (26) 

A = -^ + ((f)Wf, (26a) 

and confirms our conjecture (24) about it. Of course, Eqs. (24) have two 
solutions for A. One is given by Eq. (26a) (ground state), and the other is 

Solution (26b) for A corresponds to the excited state. In the limit fiH ^> T c , 
this state transforms to a state with spin orientation along the magnetic field. 

The excited state is separated from the ground state by a "gap" ^{^y) + 
\ 1/2 

T c 2 . The gap results in the independence of the position of the maximum 
of impurity heat capacity from the magnetic field in the range \xH <^ T c 



10 



(Schottky anomaly). Such a residual Schottky anomaly is always present in 
experiments 5 . In the Sec. 5 we will show that renormalization of the term 
fiH in (7) leads to a change from fiH in Eq. (27) to fiH defined by Eq. 
(43). As a result, we obtain the mean spin (S z ) as an implicit function of 
the magnetic field fiH. 

An attempt to obtain such an equation at nonzero temperature was made 
in Ref. 7. But the mean field approximation used there is incorrect for the 
problem considered. 

In Appendix D we show that the right-hand side of (7) leads to renormal- 
ization of the coefficients in Eq. 16, but does not alter the main result of the 
paper, Eqs. (27) and (43). Of course, renormalization changes Eq. (17) for 
the Kondo temperature. The quantity 7 can be found only from correction 
terms to Eqs. (20) and (22). Fortunately, we do not need these correction 
terms, because in the leading approximation, 7 also drops out of Eq. (11) 
for the spin value. With the help of Eqs. (11), (22), and (24), we obtain 

{Sz) = ^'{ (V + &)(y + »H + A) (7 + yQiH + 2A)/T C ^/ 1/7 

4(T c 2 + (/iiW) 

Equation (27) is in good agreement with the experimental data of Ref. 4. 



5 Ferromagnetic case (g > 0) 

As mentioned above, Eqs. (16) are valid for both signs of the "interaction" 
constant g. In the case g > 0, we can define the characteristic energy of the 
problem to be the Kondo temperature T c by the relation 

<?m^ = l. (28) 

For g > 0, the quantities Zk, Yk, Xk are large in comparison with Zl, Yl, Xl- 
We can eliminate Z L , Y L from Eqs. (16). As a result, we have 

„ / <>, Asp , Asp T , Asp 

Z K {\ - g 2 In — ^- In = Ig In 29 

x + A jj,H + x + A jiH + x + A 
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Asf 

I 



dy 



1 



/iH + y + x + A 1 + 3 In ^ + # In 



^H+y+A 



Ig In 



(y + A)(fiH + y + A) 



+g- 



7 



tteiZ^xi) In ^ 



//if + 1/ + x x + A 



dxiY^xx) 
y + xt + A 



Y K {l-g\n^-) = -Ig\n Ac - 



Ae F 



+9 



dy 



x + A' 
1 



y + x + A 1 + 5 In 



In 



+9' 



y+A 1 /j,H+y+A 

dxxZ^ln^ 



x + A 
In 



-5 



o 



+ y + xi + A * J y + x t + A 



(y + A)(/2H + y + A) 



In the range x e F , Eqs. (29) yield the following values for Y K , Z K : 
ID _ ID 



A" 



^ln(^) ' 



gln( (, + A)(^ + A) ) > 



(30) 



where D is a number of order unity. Inserting Eq. (30) into Eq. (15), we 
obtain 

r 2L-l * /oi\ 



fiH + y + x + A g\n{ {x+A){ f 2 +x+A) ) ' 



C. 



2L-1 



ID 



2/ + X + A #m(^) 
1 ID 



y + x + A g\n ^ x+A) % H 2 +x+A) ) 



In the same way as in the case g < 0, with the help of Eqs. (10), (11), 
and (31), we obtain 



dA 



+ 



1 



In A 1 1n A( M H+A) 
111 T c 111 t 2 



(32) 



1 - 



D 2 



l + D 2 (^ + ^ s )\{ (, + A + / ^)ln 2 ( 



CXJ 

/ 



dx 



' (x+A)^H+x+A) ' 
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The solution of this equation is 

A = T c . (33) 

Equation (33) means that in the leading approximation, the spin value in 
the magnetic field is saturated, 

(S.) = \ (34) 

Correction terms to Eq. (34) come only from an energy range e of order 
e ~ ep exp(— l/g 2 )- Note that a similar energy scale also arises in the problem 
considered by Nozieres and Dominicis 6 . Our conjecture is that in temperature 
range 

T 2 Je F <T<T C , (35) 

the leading correction to the average spin arises from the cutoff of integrals 
with respect to energy in expression (11) over an energy range of order T. 
If such an assumption is true, then the average spin in the magnetic field 
fxH > T is 

IT? dx 

(S z ) = -~- ^ V (36) 

2 T C J ( x + l + fiH/T c )\n 2 ((l + x)(x + l + fiH/T c )) 

IT? dz 



2 4T 

C hi(l+fiH/T c ) 



z + l/21n(l - (fiH/Tje-*)} 2 



In the limiting cases of weak (/j,H <^ T c ) and strong (/j,H 3> T c ) magnetic 
fields, the average spin is 

(S.) = \{ l -JJj)i T « M# « T c , (37) 

(S z ) = - ( 1 — — jj — \ , fiH > T c . 

V 1 2V 2T c ln(^)^ ^ 
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6 Self-energy terms S^ L j, ^(k,l) m pertur- 
bation theory 

As mentioned in the Sec. 2, there are two self-energy terms in the problem 
under consideration, l) an< ^ ^(k,l)- m second-order perturbation theory, 
they coincide. They start to differ in third-order in the coupling constant. 
In third-order perturbation theory, we otain from Appendix A 

V'W V r2ifi r2Li 7-2L2 ("qo'i 

^(K,L) - {K,L) - h Ll I 2L 2 I 2K 1 {^°) 

X ((//if + e L + s Ll -e K - e Kl ){.nH + e L + e L2 - e K - e Kl ) 

1 \ 



(el + £Lj_ — £k — Zk-l ) (sl + £l 2 ~ e K — £Ki ) , 
A simple calculation of sums in Eq. (38) leads to 



(£<«,, - SW)),^, = -„H 9 Hn>( C -f), (39) 



where e c is the cutoff energy. In Appendix C, we obtain the following term 
in expansion (39) for the self-energy: 



- = -"^ 3 '" 2 (|) + 2^1n*(|) - ... (40) 



Comparison with the expression for 5E obtained in perturbation theory 
shows that 

ffi =(^)-^)).„,.,. < 41 > 



liHg\n(—) 



£K—£L—EF 

dSE 



dfiH 



(-5 + <* 



2 v 2 

To obtain Eq. (41) we used Eqs. (17), (10), and an assumption that e c ~ T c . 

Equation (41) means that some corrections should be made in the first of 
Eqs. (12). Specifically, fj,H in the first Eqs. (12) should be corrected by 5S: 

fiH -> /jH-5Z = fiH (42) 
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The main result of this correction is a decrease in the initial slope of the mag- 
netic field dependence of the average spin value by 3/4. This phenomenon 
was probably found in the experimental Ref. 4 (Figs 8 and 9). The average 
spin (S z ) is given by Eq. (27) with the substitution 



This equation determines (S z ) as an implicit function of \i£L. From Eqs. (27) 
and (43), we find that (S z ) as a function of \iH has an a inflection point at 
fiH/2T c = 0.2426. Such an inflection point was obtained in Ref. 4. 



7 Conclusion 

Thus, we show that at zero temperature and finite magnetic field \iH <C ep, 
a singularity esists in the convolution of amplitudes Cl^~ L and Cl^~\ over 
energy e Kl with amplitude I^k 1 - As a result, in the high magnetic field 
region fiH ^> T c the correction to the spin impurity value is proportional to 
(T c / (iH) 2 instead of 1/ ln(fiH/T c ), as predicted in Refs. 1-3. We also find 
that renormalization of the magnetic field discussed in Sec. 5 leads to an 
inflection point in the dependence of spin impurity on the magnetic field. 
The initial slope is a function of z, which enters into the definition of the 
Kondo temperature (see Appendix D). Our consideration shows that the 
interaction of the spin of an impurity with at electron gas does not lead to 
the appearance of the localized state, as assumed in Refs. 8-10. The Kondo 
temperature T c is given by Eq. (D.7), where z is the root of the equation 



We find here three terms in the expansion of / in Taylor series (Eq. (D.8)). 
This equation was also studied in Refs. 8 and 11. Our result for the first 
two terms in Eq. (44) coincide with the result of Ref. 11, because this is 
also the result of parquet approximation. But, our consideration (Eq. 44) 
is conceptually closer to the Ref. 8. The difference even in the second term 
is probably related to the assumption of Ref. 8 that in the problem under 
consideration there is a localized state with spin 1/2. 




(43) 



/(*) = o. 



(44) 
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In fact, such a localized state does not exist. Without interaction there 
are two states associted with impurity spin 1/2. In zero magnetic field, these 
two states are degenerate. Interaction removes such a degeneracy and the 
splitting energy is 2T C . Of course, interaction does not change the number of 
states, as in our consideration, and is not fulfilled in Ref. 8. Note also that 
the driving term is Refs. 8-10 missing. 

Nevertheless, the average value of spin of impurity (S z ) as a function of 
magnetic field found in Refs. 9 and 10 coincides with our result except for 
the effect of renormalization of the magnetic field (Sec. 5) and the expression 
for the Kondo temperature. 

The authors thank Prof. P. Fulde and Prof. A.I. Larkin for helpful discus- 
sions. We thank Prof. P. Fulde for hospitality at the Max-Planck-Institute 
for Complex Systems (Dresden). The research of Yu.N.O. was supported by 
CRDF Grant RP1-194. The research of A.M.D. is supported by INTAS and 
the Russian Foumdation for Basic Research (Grant 95-553). 
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A Appendix 



The wave function of a system consisting of one localized electron plus de- 
generate electron gas can be taken in the form 

nT 2K 2L-1 

|V) = |10;11;11...) + £C|&- 1 |01;10; 10 ) 

ar , 2K-1 2L-1 or 2K 2L 

+ E C '2 2 x- 1 i|10; 01 ; 10) + £Cf£|10;10;01) 

9T . , 2Xi 2K 2Li 2L-1 „r , . 2Xi-l 2K 2Li 2L-1 

+ E C&Sr W|01; 10; 10; 01; 10 >+EC 2 2 £^jV|10; 01 ;10;01; 10) 

or 1 or 1 - 2 _ftTi 2A"-1 2Li-1 2L-1 

+ E C^k-f 1 ^! 01 ; 10; 01 ; 10 ; 10 ) 

Li<L 

„ or i.or 1 - 2Jfi-l 2K-1 2Lj-l 2L-1 

+ E CsKili'S-i^llO; 01 ; 01 ; 10 ; 10 ) 

K X <KM<L 

_ 9 r .or 2Xi 2X 2Li 2L 

+ E C 2 2 ^|10;10;10;01;01) 

Xi<X;Li<L 

^ or or or 1 - 2K 2 2^ 2L 2 2Li 2L-1 

+ E ^;Sfx ^|01; 10 ; 10 ; 10; 01 01 ; 10 ) 

K 2 <^i<K";L 2 <Li 

_ or or or 1 - 2X 2 -1 2Xi 2K 2L 2 2Li 2L-1 

+ E ^-feS^llO; 01 ;10;10;0101; 10) 

Ki<ii";L 2 <Li 

or or 1 or i - 2X 2 -1 2Xi 2K-1 2L 2 2Li-l 2L-1 

+ E C1^ 2 -^k\N\W\ 01 ; 10; 01 ; 01 10 ; 10 ) 

K 2 <KM<L 

■sr^ or or ^ or ^ ~ 2i ^2 2Xi 2K-1 2L 2 2Li-l 2L-1 

+ E ^'Ifeir-i" W|01; 10; 10; 01 ; 01 10 ; 10 ) 

i^ 2 <^i;Li<L 

■sr^ 9T 1-9T 1-9T 1 2X 2 2A"i-l 2AT-1 2L 2 -12Li-l 2L-1 

+ E ^K-i^ -i r ^|01;10; 01 ; 01 ; 10 10 ; 10) 

Xi<E";L 2 <Li<L 

^ or ^■9T ^■r>T i - 2K 2 ~1 2K Y -1 2K-1 2L 2 -12Li-l 2L-1 

+ E CI L k \-_\1 L ^k\N\1^ 01 ; 01 ; 01 ; 10 10 ; 10 ) 

X 2 <E"i<^;L 2 <Li<L 
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2Li;2L 2 T 2L-1 
2L 2 



^ 9r 0T 9T - 2K 2 -1 2Xi-l 2K-1 2L 2 2Li 2L 

+ E C%lf K ^ 2 L K N\lO-, 10 ; 10 ; 10 ; 01 01 ; 01) + ... (A.l) 

K 2 <K 1 <K;L 2 <L 1 <L 

The notation here is the same as in the text. As we note above, there are 
(2P + 1) different symbols CZ of order P. Inserting Eq. (A.l) into Eq. (3) 
for the wave function, some simple but tedions calculations yield a set of 
equations for the coefficients C". The five equations for the C.'.' are 

(~i2L-\ j2L 1 _ ^2L-l T 2L 1 _ ( ^2L 1 t2L~\ , (~<2L X t2L-\ 
Ly 2K 1 2K 1 °2Xi 1 2K Ly 2K 1 2K 1 ~r U 2K 1 1 2K 

+(/jlH + e L + e Ll -£ K - e Kl - 6E)C^?^' 1 

j_( \^ r 2L r ,2L-l T 2K 2 r 2Lr,2L-\ t2K 2 \ 

~T| Z^ U 2K 2 ;2K I 2K 1 Z^ °2X;2X 2 J 2Xi I 

\K 2 <K K<K 2 I 

j_( V"^ r 2L r ,2L-\ T 2K 2 sr^ n 2Lx\2L-\ j2K 2 \ 
~T| Z^ L/ 2_ftr 1 ;2X 2 J 2X °2X 2 ;2Xi J 2if I 

\K X <K 2 K 2 <K X / 

E n 2L 2 ;2L-l T 2L 1 , I r ,2L 2 ;2Li r 2L-l f y2Li;2L 2 r 

°2Xi;2X J 2L 2 I Z^ °2Xi;2_ft: J 2L 2 Z^ °2_ft:i;2X J : 

\L 2 <Li Li<L 2 

(\T^ x-y2Li;2L-1 r2X 2 -l _ V"^ x-y2Li;2L-1 r2X 2 -l \ 
A^ U 2K 2 -1;2K 1 2K 1 A^ U 2K 2 -1;2K 1 1 2K I 

E r y2L 2 ;2Li;2L-l r 2ii" 2 
Ly 2K 1 ;2K;2K 2 i 2L 2 

K x <K<K 2 ;L 2 <Li 

, n 2L 2] 2Ly,2L-l T 2K 2 r y2L 2 ;2Li;2L-l r 2X 2 

~T Z^ 2tfi;2tf 2 ;2K J 2L 2 " Z^ L/ 2K 2 ;2K 1 ;2K 1 2L 2 

K 1 <K 2 <K;L 2 <L 1 K 2 <Ki;L 2 <Lj 

, ST^ n 2Ly,2L 2 ;2L-l T 2K 2 

"+" Z^ < - / 2Xi;2X;2X 2 i 2L 2 

ifl<K"<.K" 2 ;Li<L 2 

E r i2L 1 ;2L 2 ;2L-l T 2K 2 , V"^ n 2Lr,2L 2 ;2L-\ j2K 2 

L '2K 1 ;2K 2 ;2K 1 2L 2 "+" Z^ L/ 2X 2 ;2Xi;2X J 2L 2 

K x <K 2 <KM<L-2 K 2 <K X <K;L X <L 2 

, V"^ r <2L 2 ;2Li;2L-l t2K 2 -1 _ V"^ r ,2Li;2L 2 ;2L-l r2X 2 -l _ n 

Z^ ( - y 2_ftT 2 -l;2i : S'i;2i : S'-'2L 2 Z^ Ly 2K 2 ~l;2K 1 ;2K 1 2L 2 ~ U ) 

L 2 <L^K X <K L\<L 2 \K\<K 

r 2Li n 2L-\ 1 ^y2Li r 2L-l _ n 2L x ;2L~\ j2K 2 . V"^ n 2Lv,1L-^ j2K 2 

I 2K 1 -1 L/ 2K "T °2_ft: J 2_ftTi-l Z^ °2X 2 ;2_ft: J 2ifi-1 Z^ 2A";2Jr 2 J 2Ki-l 

X 2 <X K<E" 2 

+ ^L+^Li-^-^Xi-C-&J^2Ki-l;2X+Z^ 2i^ 2 -l;2X-'2Ki-l ~Z^ 2ifi-l;2K J 2L 2 -1 
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i r i2L 2 -l;2L-l J 2L 1 ST^ r i2L-l;2L 2 -l J 2L 1 

' U 2K;2K 1 -l 1 2L 2 -1 Zv U 2K;2K 1 -l 1 2L 2 -l 

L 2 <L L<L 2 

, r y2Li;2L 2 -l;2-L-l 7-2^2 _ r ,2L 1 ;2L 2 -l;2L-l j2K 2 

' 2-^i L/ 2K;2K 2 ;2K 1 -l 1 2L 2 -1 Z^i L/ 2K 2 ;2K;2K 1 -1 1 2L 2 -l 

L 2 <L;K<K 2 L 2 <L;K 2 <K 

E r< 2L 1 ;2L-l:2L 2 -l T 2K 2 . n 2Lr.2L-l;2L 2 -l j2K 2 

Ly 2K;2K 2 ;2K 1 -l 1 2L 2 -1 ' Z^ L/ 2K 2 ;2K;2K 1 -l 1 2L 2 -1 

L<L 2 ;K 2 <K 

E r y2L 1 ;2L 2 -l;2L-l T 2K 2 -1 . V"^ r 2L x ;2L 2 -1;2L-1 t2K 2 -\ 

L/ 2K 1 -1;2K;2K 2 -1 1 2L 2 -1 Z^ ^i^-l^^i-l J 2L 2 -1 

L 2 <L;K 1 <K 2 L 2 <L;K 2 <K 1 

. r 2L 1 ;2L-l;2L 2 -l t2K 2 -\ ^Li^L-l^La-l r 2ii" 2 -l _ n 

"T Z^ ( ~ y 2E'i-l;2K';2K' 2 -l J 2L 2 -l Z^ 2.FS' 2 -l;2i : f;2i : fi-l J 2L 2 -1 _ U i 

L<L 2 ;K 1 <K 2 L<L 2 ;K 2 <K 1 

(A.2) 

^y2L-l r 2Li-l /~i2L\ — \ j2L—l I ^2L 2 ;2L— 1 t2L\ — \ \^ r <2L 2 ;2L 1 -l t 2L-1 

{ ^2K-\ i 2K 1 L/ 2K-1 I 2K 1 Z^ L/ 2K-1;2K 1 I 2L 2 / , L/ 2K-~\:2Ki A 2T,o 

i / tt 1 . r 77i\,^,2Li-l;2L-l . / ^2L 1 -1;2L-1 r 2ii" 2 

+ + £ L + E Ll - £ K - S Kl - dti)^2K 1 ;2K-l + Z^ Ly 2K 2 ;2K-l I 2K l 

, r ,2Li-l;2L-l r 2ir 2 -l r ,2Li-l;2L-l 7-2^-1 . r ,2L 2 ;2L 1 -l;2L-l T 2K 2 

"T Z^ U 2K-1;2K 2 -1 1 2K 1 Z^ °2.Ff 2 -l;2.f£:-l- / 21^1 Zv L/ 2K 1 ;2K 2 ;2K-1 1 2L 2 

K<K 2 K 2 <K K!<K 2 

E r 2L 2 :2L x -\;2L-\ j2K 2 V"^ r y2L 2 ;2L 1 -l;2L-l r 2ii" 2 -l 
L/ 2ii" 2 ;2ifi;2K'-l J 2L 2 Z^ ( - / 2_ftT-l;2i : S'i;2ii' 2 -l-'2L 2 

^ 2 <i^i fsr<fsr 2 

, V"^ r y2L 2 ;2Li-l;2L-l r 2A" 2 -l _ n 
"T Z^ L/ 2E' 2 -l;2^i;2ii'-l-'2L 2 _ U ) 
K 2 <K 

( c , - - - KT?\r 2L ^ 2L _L r 21 ' 2 ^- 1 T 2L ^ r 2Lr,2L 2 -l T 2L 

{SL-\-tL 1 —£K—tK 1 —0^)L^2K 1 ;2K + Z^ L/ 2K 1 ;2K 1 2L 2 -l ~ L/ 2K 1 ;2K 1 2L 2 -l 

E r 2Lx;2L;2L 2 -\ j2K 2 . r y2Li;2L;2L 2 -l r 2ii" 2 

^ifi^if^ifa J 2L 2 -1 Z^ L/ 2K 1 ;2K 2 ;2K 1 2L 2 -l 

K 1 <K<K 2 K!<K 2 <K 

E n 2Ly,2L;2L 2 -\ j2K 2 , r ,2Li;2L;2L 2 -l r 2E" 2 -l _ n 

2.K 2 ;2.K"i;2.K' 2L 2 — 1 ~r Z^ 2K2 — l;2Ki;2K 2L2 — I ~ U > 

K" 2 </fl<,ft" 

_ j-2Li-1^2L-1 1 ^2L-1 7-2L1-I 1 ^ti-l r2L-l _ ^2Li-l r2L-l 
J 2Xi-l U 2Jf-l ^2K 1 -1 1 2K-1 U 2JC-1 J 2E'i-l U 2Jfi -I 1 2K-1 

+ (e L + e Ll - e K - e Kl - 8E)C%k\-i?2K-i 

( (~i2Lx-\\2L-\ T 2K 2 f-i2L\ — \\2L—\ j2K 2 \ 

\Z^ L/ 2K 2 ;2K-1 I 2K 1 -1 Z^ ^ J 2K 2 ;2K 1 -1 1 2K-1 I 

1 1 r ,2Li-l;2L-l r 2_ff 2 -l r ,2Li-l;2L-l t2JC 2 -1 ) 

+ Zv L/ 2E' 2 -l;2i : s:-l J 2/Ci-l Z^ L/ 2E' 2 -1;2E' 1 -1 J 2E'-1 I 

\K 2 <K K 2 <K 1 J 
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+ 



/ -^2Li-l;2L-l t2K 2 -1 n 2L x -\;2L-\ j2K 2 -\\ 

I 2-^i [ ^2K-1;2K 2 -1 1 2K 1 -1 Zv L/ 2K 1 -l;2K 2 -l I 2K-l I 

\K<K 2 K X <K 2 J 

( ST n 2 ^- 1 ' 21 - 1 T 2L ±- 1 — r»2L 2 -l;2Li-lr2L-l | 

I U 2/Ci-l;2X-l J 2L 2 -l Zv °2Xi-l;2^-l J 2L 2 -1 I 

\L 2 <L i 2 <Li / 

/ r 2L-l;2L 2 -l T 2L X -1 ST^ n 2L x -\;2L 2 -\ t2L-\ \ 

I °2_ftT 1 -l;2 J K'-l- , 2L 2 -l Z^ { ^2K 1 -1;2K-1 1 2L 2 -1 J 

E n 2L 2 -\;2L x -\;2L-\ j2K 2 , V"^ r ,2Li-l;2L 2 -l;2I/-l r 2if 2 
L/ 2X 2 ;2_ft:i-l;2X-l i 2L 2 -l + Zv °2Jf 2 ;2.K"i-:i.;2.K"-l i 2L 2 -l 
L 2 <Lx<L Lx<L 2 <L 

E r i2L 1 -l;2L-l;2L 2 -l T 2K 2 , V - ^ rf 2L 2 -l;2Li-l;2L-l r2X 2 -l 

Ly 2X 2 ;2_ft:i-l;2X-l i 2L 2 -l Zv °2Ki-l;2A"-l;2J^ 2 -l J 2L 2 -1 

L 1 <L<L 2 L 2 <L 1 <L;K<K 2 

E n 2L 2 -\;2L^-\\2L-\ T 2K 2 -1, V"^ r ,2L 2 -l;2Li-l;2L-l r 2X 2 -l 

( - / 2_ffi-l;2_ft: 2 -l;2X-l J 2L 2 -l ~r Z^ ( - / 2_fsT 2 -l;2 J R'i-l;2A'-l J 2L 2 -l 

A"i<-ft" 2 <-ft";-L 2 <Li K 2 <K 1 ;L2<L 1 

E r ,2L^-\;2L 2 -\;2L-\ j2K 2 -\ , r ,2Li-l;2L 2 -l;2L-l t2K 2 -1 

L/ 2K 1 -l;2K-l;2K 2 -l 1 2L 2 ~l Z^ °2Ki-l;2i<" 2 -l;2K-l-'2L 2 -l 

E"<_K" 2 ;Li<L 2 <L A"i<_ft" 2 <_fC;Li<L 2 <L 

E r ,2Li-l;2L 2 -l;2L-l r2K 2 -l , V"^ r ,2L 1 -l;2L-l;2L 2 -l j2K 2 -l 

U 2K 2 -1;2K 1 -1;2K-1 1 2L 2 -1 Zv Ly 2Ki-l;2^-l;2A' 2 -l J 2L 2 -l 

K 2 <K\,L\<L 2 <L K!<K<K 2 ;L<L 2 

E r ,2L^-\;2L-\\2L 2 -\ j2K 2 -\ , V"^ r ,2Li-l;2L-l;2L 2 -l r2K 2 -l _ n 

( ^2K 1 -l;2K 2 -l;2K-l 1 2L 2 -l Zv < - y 2X 2 -l;2_ftTi-l;2E'-l-'2L2-l ~~ U 

L<L 2 ;K X <K 2 <K K 2 <K V ,L<L 2 

Equations (A. 2) are exact. 
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B Appendix 

Our purpose is to obtain an expression for the self-energy terms L ^ and 
^(k,l) in fourth-order perturbation theory. To do this we should obtain equa- 
tions on the quantities C.".'.' in the "leading" approximation. That is, we can 
omit in such a system of equations the terms corresponding to "scattering" 
of terms C.'.'.' and connection terms with quantities C.".'.'.'. Really, we need only 
six equations in the six quantities entering into Eqs. (A. 2). The required 
system can be obtained from Eqs. (3) and (A.l). These equations are 

(fiH + e L + e Ll + e L2 — e K — e Kl - Sk^C^kI'^k^k 1 

f r ,2Li;2L-l T 2L 2 r 2Lr,2L-\ j2L 2 , n 2W,2L-\ j2L 2 
\ U 2Kv,2K i 2K 2 L/ 2K 2 ;2K 1 2K 1 ' L/ 2K 2 ;2K 1 i 2K 

_ n 2L 2 \2L-\ j2L 1 , n 2L 2 ;2L-l T 2L 1 n 2L 2 ;2L-l T 2Li \ 
U 2K 1 ;2K 1 2K 2 L/ 2K 2 ;2K 1 2K 1 L/ 2K 2 ;2K 1 1 2K / 

f r ,2L 2 ;2Li r 2L-l r ,2L 2 ;2Li T 2L-l , r y2L 2 ;2Li T 2L-l\ _ n 
\ L/ 2K 1 ;2K i 2K 2 Ly 2K 2 ;2K 1 2K 1 ' ^ 2K 2 ;2K\ 2K J — U > 

l',- i _ i _ „ „ „ \ n 2L 2 ;2L x ;2L-\ 

l^L + ^Li + £L 2 — £K — £K! - £K 2 ) ( ^2K 2 -l;2K 1 ;2K 

,/~f2L 2 \2L\ j2L—l , $ r 2Li;2L-l T 2L 2 n 2L 2 ;2L-\ r 2Li \_n 

~T~ L/ 2K 1 ;2K 1 2K 2 -1 \ L/ 2Ki;2_ft: J 2.Ff 2 -l ( - / 2_ft:i;2X J 2K 2 -1J _ U i 

(fiH + e L + e Ll + e L , 2 —e K — e Kl - Sk^C^^k^k-i 1 

r r 2L 2 ;2L-\ r 2Li-l r ,2L 2 ;2L-l r 2Li-l r ,2L 2 ;2Li-l r 2L-l , r y2L 2 ;2Li-l r 2L-l \ 
\°2X-l;2Xi J 2X 2 Ly 2K~l;2K 2 I 2K 1 U 2K~1;2K 1 i 2K 2 ' ^ y 2K—l;2K 2 2K\ ] 

f ^Li-l^L-l r 2L 2 r ,2Li-l;2L-l r 2L 2 \ _ n 
\°2_ft:i;2X-l J 2X 2 U 2K 2 ;2K-1 I 2K 1 j ~ U ) 

/, , , , , - - - ^2L 2 ;2Li-l;2L-l 

(££ + + Sl 2 -S K - S Kl - £k 2 )^2K 2 -1;2K v ,2K-1 

.( n 2L 2 ;2L-l r2Li-l _ r 2L 2 ;2L-\ T 2L!-l _ r i2L 2 ;2L 1 -l j2L-\ , r <2L 2 ;2Li-l r2L-l \ 
"T\ ( - y 2X-l;2Xi J 2X 2 -l °2X 2 -l;2Xi J 2X-1 ( - y 2_ftT-l;2_ft: 1 i 2K 2 -\ °2if 2 -l;2i<'i J 2K-1 / 

1 f /nr2Li — 1;2L— 1 r2L 2 r y2L 1 -l;2L-l r2L 2 \_ n /R,\ 

' \ L/ 2_ftTi;2X-l J 2K 2 -1 u 2J£"i;2K 2 -l J 2_ftT-l/ _ u 5 l - 1 / 1 

(/xif + e L + e Ll + e L2 - e K - e Kl - £^ 2 )^2x 2 ;2K 2 1 - 1 i;2x-i 1 

_ /^,2Li-l;2L-l r2L 2 -l _ r ,2L 2 -l;2L-l t2L x -\ , r ,2L 2 -l;2L 1 -l T 2L-1 \ _ n 
\ Ly 2K 1 -l;2K-l I 2K 2 U 2K 1 -1;2K-1 1 2K 2 L/ 2K 1 -1;2K-1 A 2K 2 J — U > 

/ . . \ r ,2L 2 -\\2L^-\;2L-\ 

[E L + E Ll + E L2 - EK - S Kl ~ ^K 2 )^2K 2 -l;2K 1 -l;2K-l 

,( s~i2Li — 1,2L—1 t2L 2 -\ ^Li-lpL-l t2L 2 -\ , /-<2Li-l;2L-l r2L 2 -l 
~1~\ [ ^2K 1 -1;2K-1 I 2K 2 -1 Ly 2K 2 -l;2K~l 1 2K 1 ~l ' L/ 2K 2 -1;2K 1 ~1 1 2K-1 
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U 2K 1 -1;2K-1 1 2K 2 -1 U 2K 2 -1;2K-1 1 2K 1 -1 U 2K 2 -1;2K 1 -1 1 2K-1 

, r ,2L 2 -l;2L 1 -l T 2L-\ r ,2L 2 -l;2L 1 -l T 2L-1 , r t2L 2 -l;2L 1 -l T 2L-1 \ _ n 
"T ( - y 2_ft:i-l;2X-l J 2_ftT 2 -l °2X 2 -1;2X-1 J 2Ki-l 2/sr 2 -l;2A _ i -1 J 2K-1 / _ U ■ 

Equations (B.l) can easily be supplemented by scattering terms C.'.'.' — > 
C.".'.', and Eqs. (7), (A.l), and (B.l) will still form a complete set. The struc- 
ture of interaction Hamiltonian (1) is such that scattering leads to connection 
of the given term only with itself and with two (or one) neighboring terms. 
These terms can be obtained from the given one by a change of parity of one 
of the upper or lower indexes. The relationships among the various terms C.'.' 
are presented in Fig. I. 
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C Appendix 



We are now able to obtain the self-energy parts L) anc ^ ^(k,l) in fourth- 
order perturbation theory. Straightforward elimination of terms in C'Z with 
P > 2 from Eqs. (6) using Eqs. (A. 2) and (B.l) gives 

7-2X1 

yj(l) = f2Li 

{K ' L) fiH + e 4 (L, L u K, K x ) - \lf K \_^ y 'e 6 - |/ 2 £ 2 1 2 / \fiH + e 6 ) - 5E 



x 



x 



T 2K 2 / T 2K 3T 2L! 

t2L 1 1 2K 1 / r 2Li 1 2K 2 1 2K 3 

loir. ~ 7~z :: ~ tz r Joj^. 



2K ' fiH + e 4 (L, L u K, K,) \ 2X2 fiH + e 4 (L, L u K, K 3 ) 

t2L\ j2L 2 1-2X3—1 j2L\ \ j2L\ 

I 2L 2 1 2K 2 i 2K 2 i 2K 3 -\ \ i 2L 2 



fiH + e 4 (L, L 2 , K, K 2 ) e 4 (L, L u K, K 3 ) J fiH + e 4 (L, L 2 , K, K x ) 

' T 2K 2 t2L 2 j2L 2 t2L 3 t2K 2 -\ t2L 2 

_j2L 2 , 1 2K 1 1 2K 2 1 2L 3 1 2K 1 . 1 2K 1 1 2K 2 -1 

^ 2Kl fiH + e A (L,L 2 ,K,K 2 ) fiH + e 4 (L, L 3 , K, K x ) e 4 (L, L 2 , K, K 2 ) , 
7-2x2-1 / 7-2x3 7-2L1 7-2x3-1 7-2L1 \ 

J 2Xi / r 2Li -'2X2-I-' 2X3 -'2X2-I -'2X3-I \ 



e 4 (L,L u K,K 2 )\ 2K *~ l fiH + e 4 (L, L 1: K 3 , K) e 4 (L, L u K, K 3 ) 

7-2X2 / j2L\ t2L 2 j2L 2 t2L\ 
1 2L 2 I 1 2K 2 1 2K 1 1 1 2K 1 1 2K 2 

fiH + e 6 \fiH + e 4 (L, L 2 , K, K x ) fiH + e 4 (L u L, K, K 2 ) 

j2h\ j2L 2 \ 7-2X2 — 1 j2L\ j2L 2 \ 

I 2K 1 I 2K 2 \ 1 2L 2 1 2K 2 ~1 1 2K 1 I 



fiH + e 4 (L, L 2 , K, K 2 ) J e 6 (fiH + e 4 (L, L 2 , K, K x ) J 

7-2X1-1 

__i ?Li /q -|\ 

e 4 (L, L u K, K x ) - \I 2 2 ^/{fiH + e 6 ) - \I 2 2 ^\ 2 /e, - 5E 1 ' ] 

( 7-2X2 / 7-2X3 j2L 1 

] j2Li -'2X1-I / j2Li -'2X2-' 2X3 

\ 2Kl -' fiH + e 4 (L, L x , K, K 2 ) \ 2K * fiH + e 4 (L, L u K, K 3 ) 
7-2L1 7-2L2 7-2x3-1 7-2L1 \ 7-2x2-1 

1 2L 2 1 2K 2 1 2K 2 1 2K 3 -l \ 1 2K 1 -1 



fiH + e 4 (L, L 2 , K, K 2 ) e 4 (L, L u K, K 3 ) J s 4 (L, L u K, K 2 ) 

7-2X3 r 2L i r2X 3 -l r 2Li 



X I 



2Li -'2X2-I-' 2X3 1 2X2-I J 2X 3 -1 



v 2i " 2 " 1 fiH + e 4 (L,L u K,K 3 ) e 4 (L, L u K, K 3 ) J 

7-2L-1 t2L 2 -1t2L 3 7-2X2-I 7-2L2-I t-2Li 
i 2L 2 -l-'2L3 J 2Xi-l i 2L 2 -l i 2Xi-l i 2X 2 -l 

(fiH + e 4 (L, L 2 , K, Ki))e 4 (L, L 3 , K, K x ) e 6 e 4 (L, L u K, K 2 ) 
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T 2Ki 

^ _ 1 2L 1 ~1 

{K ' L) ~ ptH + e 4 (L, L 1: K, K x ) - 5E - \I%U\ 2 /e 6 - \I% 2 2 \ 2 /(piH + e 6 ) 

f 7-2X 2 / 7-2X3 7-2L1-I 

v I 7-2L1-I J 2Xi / r 2Li-l 1 2K 2 1 2K 3 

% Jif. — ~ 7T — ; ~ — ; . ; -i • 



2 ^ fiH + e 4 (L,L 1 ,K,K 2 )\ 2K2 /iH + e 4 (L, L ± , K, K : 



3) 



7-2x3-1 7-2L1-1 \ 7-2x2-1 / 7-2x3 7-2L1-1 

J 2X 2 J 2X3-I \ i 2X 1 / j2Li-l j 2X2-1-^X3 

e 4 (L,L u K,K 3 )J e 4 (L,L 1 ,K,K 2 ) \ 2K *~ l + e 4 (L, L u K, K 3 ) 

7-2L1-I 7-2L2-I 7-2X3-I t2Lj-1 \ 7-2Li-1t-2L 2 7-2L3-I 
J 2L 2 -1 -'2X2-I -'2X2-I-' 2X3-I \ . J 2L 2 1 2L 3 -1 1 2K 1 



e 4 (L,L 2 ,K,K 2 ) e 4 {L,L x ,K,K 3 )) e 4 (L, L 2 , K, K^H + e 4 (L, L 3 , K, K x )) 

(C.2) 



7-2x2 7-2L2 7-2L1-1 

J 2L 2 1 2Xi 1 2X 2 



(pLH + e 6 )(piH + e 4 (L : L 1: K : K 2 )) 



7-2X1-1 

J 2Li-l 



e 4 (L, Li, #i) - V(M^ + ee) - li^-i 1 ! 2 /ee - ^ 

r 7-2x2 / 7-2x3 7-2L1-1 

v I 7-2L1-I J 2Xi-l / r 2Li-l 1 2K 2 1 2K 3 

x V2Xi-i TTfTTTTFT" tF~iFa 2 x 2 



//if + e 4 (L, Li, X, tf 2 ) V + e 4 (L, Li, X, X, 

7-2x3-1 7-2L1-1 \ 7-2x2-1 / 

J 2X 2 J 2X3-I \ J 2Xi-l I j2L 1 -l 

e 4 (L,L u K,K 3 )J e 4 (L, Li, K, K 2 ) \ 2K ^ X 
7-2x3 7-2L1-1 7-2L1-1 7-2L2-1 7-2x3-1 7-2L1-1 \ 

-'2X2-I-' 2X3 _|_ J 2L2-1 J 2X 2 -1 J 2X2-I i 2X 3 -l \ 



tiH + e 4 (L, L u K, K 3 ) e 4 (L, L 2 , K, K 2 ) e 4 (L, L u K, K 3 ) 

7-2L2-1 
1 2X1-1 



7-2L1-1 / 7-2x2 7-2L2-1 

i 2L 2 -l / j2L 2 -\ 1 2K 1 -1 1 2K 2 

~e 4 (L, L 2) K, K,) { 2K ^ fiH + e 4 (L, L 2) K, K 2 ) 



x 



r 2L 2 -l 7-2L3-I 7-2X2-I 7-2L2-I \ 7-2X2-I 

I J 2L 3 -l J 2Xi-l J 2Xi-l J 2X2-I j _|_ L 2L 2 -\ 

e 4 (L, L 3 , K, K x ) e 4 (L,L 2 ,K,K 2 )J e 6 

(7-2L1-1 7-2L2-1 7-2L1-1 7-2L2-1 7-2L2-1 7-2L1-1 \ 

i 2Xi-l i 2X 2 -l i 2X2-l i 2Xi-l J 2Xi-l i 2X2-l \ 

e 4 (L, L 2 , K, K 2 ) e 4 (L, L 2 , K, K x ) e 4 (L, L u K, K 2 ) J 

j2K 2 7-2L1-I 7-2L2-I ^1 
1 2L 2 -1 1 2K 2 -'2Xi-l I 

( t jiH + e 6 )e A (L,L 2 ,K,K 1 )S- 

From Eqs. (6) and (A. 2), the quantities C 2 ^" 1 and C 2 ^z\ can easily be 
obtained in the third order of perturbation theory. We do not give these 
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expressions here because only one statement is essential for us: direct com- 
parison of the quantities 5E (Eq. (4)) and self-energy T*k,l (Eq. (C.2)) shows 
that 

5E + Z(K,L) £K=£L=£F = 0. (C.3) 

Equation (C.3) is valid for arbitrary spectrum €k,£l and arbitrary transition 
matrix elements Our conjecture is that Eq. (C.3) holds in all orders of 
perturbation theory, and hence we can put 

6E + Z(K,L) £k=£l=£f = -A, (C.4) 

where A is exponentially small and can be considered an order parameter. 
We also obtain from Eqs. (C.l) and (C.2) that self-energies £^ and £ 
coincide only in the second order of perturbation theory. They start to be 
different in the third order of perturbation theory. In the fourth order of 
perturbation theory, we obtain from Eqs. (C.l) and (C.2) 



VW V _ t2K\ t2L\ t2L 2 I 1 

V,L) HK,L) ~ l 2Ll 1 2L2 l 2Kl \^ H + eA{L)LliKiKl){ 



)(fiH + e 4 (L,L 2 ,K,K 1 )) 



' 1 T 2K 2 t 2Ki t1L x t 2L 2 

~~ 1 2 K 1 I 2L 1 i 2L 2 i 2K 2 



£4(L, Li, K, Ki)e±{L, L 2 , K, Ki 

X {{ f iH + e 4 (L,L 1 ,K,K 1 ) + e^LuK,^)) (C ' 5) 

J I 

V (tiH + s 4 (L, L 2 , K, K 2 ))(fj,H + s 4 (L, L u K, K 2 )) 

1 \ / 1 

+ 



s 4 (L, L u K, K 2 )e 4 (L, L 2 , K, K 2 ) J \fj,H + e 4 (L, L 2 , K, K 2 ) 
I \( 1 



e 4 (L, L 2 , K, K 2 ) J\(tiH + e 4 (L, L 2 , K, K^H + s 4 (L, L u K, K x )) 
1 \ / 1 1 



£±{L, L 2 , K, Ki)£ 4 {L, Li, K, J \fJ>H + e 4 (L, L 2 , K, K x ) e 4 (L, L 2 , K, K x ) 
( 1 



x 



(ptH + e 4 (L, L 3 , K, K^H + e 4 (L, L u K, K t ) 
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+ 



+ e 4 (L, L 3 , K, Kje^L, L u K, K ± ) ) 

+ {e 6 (tJ.H + e 4 (L, L 2 , K, Ki))(/j,H + e 4 (L, L u K, Kj) 

I ) 

(ptH + s 6 )e 4 (L, L 2 , K, K^e^L, L u K, K t ) J 

1 \ / 1 



(fxH + e G )(fiH + s 4 (L, Li, K, Ki) J \fiH + e 4 (L, L 2 , K, K ± ) 
1 \ ( 1 1 



fiH + e 4 (L, L 2 , K, K 2 ) J \s 4 (L, L 2 , K, K x ) e 4 (L, L 2 , K, K 2 ) 

1 1 



x- 



e % e 4 (L,L u K, Ki) J ' 
where 

e 4 (L, L u K, = e L + s Ll -e K - e Kl , (C.6) 

Straightforward calculation of the integrals in Eq. (C.5) leads to Eqs. (40) 
and (41). Both Eqs. (40) and (41) are proved in two orders of perturbation 
theory. Our conjecture is that Eq. (41) is exact. 
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D Appendix 



In this appendix we consider the role of the right-hand side of Eqs. (7) 
for a negative value of the coupling constant, g < 0. In the first order of 
perturbation theory, we obtain from (A. 2) 



^-y2Li;2L-1 
L/ 2K 1 ;2K 



fiH + e 4 (L, Li, K, Ki) + A 



x 



^L-l T 2L 
Ly 2K 1 i 2K 



T 2L 1 x-y2L-1 T 2L 1 , ^-<2Li t2L-\ ^i2L l t2L-\ 
lots ^2K 2K\ ' ^2K 2K\ <^izs.l< 



r 2L x ;2L~\ 
Ly 2K 1 -l;2K 



r y2Li-l;2L-l 
L '2K 1 ;2K-1 



e 4 (L,L 1 ,K,K 1 ) + A 



T 2Li ^2L-1 

L 2K 1 -l Ly 2K ^2K 1 2K 1 -1 



y 2K 1 I 2K 



-2Li 7-2L-1 



wo ts 1 



(D.l) 



fiH + e A (L,L u K, Ki) + A 



f y2Li-l:2L-l 
< - y 2Xi-l;2K-l 



^2X1-1 j2L-\ ^L-l T 2L 1 -l 
L/ 2K-1 1 2K 1 L/ 2K~1 I 2K 1 

1 



X 



e 4 (L, L 1 ,K,K 1 ) + A 

r2Li-l r (2L-l _ ^2L-1 r2Li-l . ^Lj-l t2L-1 _ ^Li-l t2L-\ 
1 2K 1 ~l Ly 2K-l Ly 2K 1 -l 1 2K-l ~t~ °2^i -1 J 2K-1 °2A"-1 J 2E"i-l 

Inserting (D.l) into (6), we obtain 

7-2^1 ( r 2L-\ r 2Li 1 ^2Li r 2L-l ^f2Li j2L-\\ 
1 2L 1 \ U 2K 1 2K * L/ 2K 1 2K l L/ 2K 1 I 2K ) 

fiH + e 4 (L,L 1 ,K,K 1 )+A 

t2Ki-1 t2L-\ (~t2Lx 
J 2Li L 2Kx-Y^2K 



a ( ^2L-1 ^2L-1 r< 2L \ - \ " 
/i l[ Ly 2K 1 L/ 2K-l> K - J 2K) — ~ 

-E 



-E 



£ 4 (L, Li, X, Kx) + A ' 

yi /^2L-1. ,^2L-1 /-y2L\ 
A 2^2K i L/ 2K-li Ly 2Kj ~ 

7-2^1-1/^2^-1 r2Li-l ^y2Li-l r 2L-l 1 ^f2Li-l r2L-l 
J 2Li-l [ Ly 2K 1 -l 1 2K-l Ly 2K 1 -l 1 2K-l ~t~ ^2K-1 - , 2Ki-l 



(D.2) 



-E 



£4(^,^1,^,^!) + A 

7-2K1 r 2L-l / ^2Li-l 
i 2Li-l i 2Ki ( - y 2K-l 

/iH + e 4 (L, L 1 ,K,K 1 ) + A ' 
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A ( ri2L-l . /^2L-1 r<2L\ \ " 
/i 3\ L/ 2K i L/ 2K-V L/ 2Kj — 2^ 



T 2Ki ( r 2Lx-\T2L ^2Li-lr2L ^2L j2L x -\\ 
1 2L 1 -l[ Ly 2K 1 1 2K Ly 2K 1 2K 1 Ly 2K 1 1 2K ) 

fiH + Sa_{L, Li, K, Ki) + A 

2Li -1 



7-2^1-1 7-2L ry^i 
_ \p i 2Li-l i 2Xi-l'~ / 2A: 

2 ^e 4 (L,L 1 ,K,K 1 ) + A 

The quantities £4, £6 here are the same as in Eq. (C.6). 

As before, only convolutions Zl, Yl are large for g < 0. Furthermore, 



\Z L + Y L \~g 2 \Z L -Y L \. 
As the result, Eqs. (7) can be reduced to just one equation: 

E F , £f 



(Z L ~ Y L 



+ 



g" 



1 + gin 



h 



y + A 



gin 



+ 



fiH + y + A 
h \ 



(D.3) 



(D.4) 



= Ig(]n 



2 \g In e F /(nH + y + A) 5 In e F /(y + A) 
£/ + ln^V<//^( XK 



Y> 



K 



\ fiH + y + A y + A 



where 



/ 



\fiH + y + x + A y + x + AJ' 
dxdydxi 



' {fiH + y + x + A){fiH + y + Xl + A){fiH + y + x + y! + x± + A)' 

(D.5) 

dxdydxi 



(y + x + A)(y + Xl + A)(y + x + y 1 + x 1 + A) 
A simple calculation of the integrals (D.5) gives 



1 



e F 



h = - In 3 —. 1 

3 \i_iH + y + Aj 



(D.6) 



I9 = - In 3 



s F 



3 \y + Aj 
Now we can define the Kondo temperature T c to be 

1 11 £f 
\g\ln — = z, 

-L c 



(D.7) 
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where z is a root of the ???quadratic equation 



z 2 

l-2z+ — = 0; z = 3 - VQ « 0.5505. (D.S 
o 



From Eq. (D.4) we obtain 



- n = ^ v-, (D.9) 



\g\(l-z/3) In ( (MWA )fa+ A) 



where /3 is a number of order 1. Instead of Eqs. (41) and (42) we have now 
HH = HH-ST,\ 8E = -nHz(-l/2 + (S z )). (D.10) 



As before, the average spin (S z ) is given by Eq. (27) with the replacement 

//if 

4(7* + (^F/2)= 

The magnetic field dependence of the average spin (S^) (Eqs. (D.10) and 
(D.ll)) is given in Fig. 2. Dots are the experimental results of Ref. 4. 



(S z ) = ^ m . (D.ll) 
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